the base of the cutting in response to wounding. Information is needed for phytotechnologies about the degree to which Populus adventitious rooting is controlled by effects of individual genotypes, waste waters used as alternative fertigation sources, and their interactions. Our objective was to irrigate twelve Populus clones with well water (control) or municipal solid waste landfill leachate and to test for differences between initiation of lateral versus basal roots, as well as root growth rate and distributional trends for both root types. We evaluated number and length of lateral roots initiated from upper, middle, and lower thirds of the cutting, as well as basal callus roots. Overall, leachate irrigation affected lateral roots but not basal roots, and there was broad clonal variation between and within root types. On average, there were 129 % more lateral than basal roots, which ranged from 3 to 27 (lateral) and 2 to 10 roots (basal). The percent advantage of number of roots from the middle portion of the cutting relative to other sections was 120 % (upper), 193 % (lower), and 24 % (basal). Clones, treatments, and their interaction did not affect root growth rate, which ranged from 1.5 ± 0.6 to 3.4 ± 0.3 cm d . These results contribute baseline information for clonal selection needed to establish Populus for phytotechnologies, energy, and fiber.
Introduction
Broad genetic variation among genotypes within the genus Populus has substantially contributed to its rich history of worldwide study and deployment (TAYLOR, 2002; RAJORA and ZSUFFA, 1990; STOUT and SCHREINER, 1933) . Heterosis (i.e., hybrid vigor) of interspecific hybrids, along with traits such as disease/pest resistance and elevated rooting ability, has supported their use in a variety of applications (ZALESNY et al., 2009a; COYLE et al., 2008; HEILMAN et al., 1994) . Fiber production is the traditional use of Populus in the North Central United States (ZALESNY et al., 2009b) ; however, the increasing need for alternative energy sources has supported testing and deployment of Populus species and hybrids for bioenergy, biofuels, and bioproducts (JOHN- SON et al., 2007; SIMS et al., 2006) . In addition, there is substantial interest in using Populus as an integral component of phytotechnologies such as phytoremediation and phytoextraction to gain environmental benefits throughout the region, North America, and globally (ZALESNY et al., 2008; BAÑUELOS et al., 1999) .
Regardless of the end products or environmental services Populus trees provide, successful plantation development largely depends upon adventitious rooting, when trees are planted as dormant hardwood cuttings (ZALESNY and ZALESNY, 2009 ). Proper vegetation management and adequate fertilization and irrigation (fertigation) are equally important for the success of such short rotation woody crops (DESROCHERS et al., 2006; BUHLER et al., 1998; DICKMANN et al., 1996) . There is some information about the genetics of Populus adventitious rooting YING and BAGLEY, 1977; WILCOX and FARMER, 1968; 1967) . Likewise, the effects of traditional fertigation sources on plantation development are well known (COYLE and COLEMAN, 2005; COLEMAN et al., 2004; BROWN and VAN DEN DRIES -SCHE, 2002) . However, there is limited knowledge in phytotechnology applications about the degree to which adventitious rooting is controlled by effects of individual genotypes, effects of waste waters used as alternative fertigation sources, and their interactions. It is necessary to acquire such information to advance opportunities for reusing and recycling waste waters while producing woody biomass for energy and fiber (ZALESNY et al., 2009a; 2007b; LICHT and ISEBRANDS, 2005) .
We seek this combined knowledge to enhance our capability to select favorable genotypes exhibiting a combination of superior adventitious rooting and biomass accumulation when fertigated with contaminated waste waters. Our objective was to irrigate twelve Populus clones with well water (control) or municipal solid waste landfill leachate and to test for differences between initiation of lateral versus basal roots, as well as root growth rate and distributional trends for both root types. Our hypotheses were that clones would respond differently to water and leachate irrigation, and that clones would vary for all rooting traits. Overall, we assert this study helps researchers gain fundamental knowledge of the genetics and physiology of Populus adventitious rooting, while resource managers learn baseline information for clonal selection needed to establish Populus for phytotechnologies, energy, and fiber. Zalesny jr. et. al.·Silvae Genetica (2011) 60-1, 35-44 Clone selection and cutting preparation Twelve Populus clones ( Dormant, unrooted cuttings, 25.4-cm long, were processed from whips collected during Dec. 2005. The whips were grown for one growing season in stool beds established at Hugo Sauer Nursery in Rhinelander. During processing, cuts were made to position at least one primary bud not more than 2.54 cm from the top of each cutting. Cuttings were stored in polyethylene bags at 5°C, and then soaked in water to a height of 15 cm for 3 d before planting. The trees were grown from March through June 2005 in a greenhouse at the IAES with a 16-h photoperiod and a daytime and nighttime temperature of 24°C and 20°C, respectively.
Experimental design
Two separate studies testing 1) root initiation and 2) root growth rate were conducted and are described in detail below. For both studies, the trees were arranged in a split-plot design, with blocks (random), irrigation treatments (fixed whole plots), and clones (fixed sub plots). Treatments and clones were identical in both studies. Clones were arranged in randomized complete blocks to minimize effects of any potential environmental gradients in the greenhouse. Treatments and clones were considered as fixed in the analyses and, therefore, we evaluated means rather than variances. Block ϫ clone effects were universally non-significant at P > 0.25 and, therefore, pooled with the block ϫ treatment ϫclone interaction terms to increase precision of F-tests . The following linear additive model was used in the analyses:
where: Y ijk = response variable to be analyzed, µ = overall mean, B i = main effect of i th block, T j = main effect of j th treatment, BT ij = effect of interaction between i th block and j th treatment, C k = main effect of k th clone, TC jk = effect of interaction between j th treatment and k th clone, and pooled error = error term resulting from pooling of BC ik and BTC ijk terms, defined as: effect of interaction among i th block and k th clone, and effect of interaction among i th block, j th treatment, and k th clone, respectively.
Root initiation
Tree establishment and irrigation regime Six blocks, two irrigation treatments consisting of unfertilized well water (control) or landfill leachate, and 12 clones (144 experimental units) were tested. Trees were grown in specially-designed planters that allowed for evaluation of lateral roots developed from either preformed or induced primordia along the upper, middle, and lower third of the dormant hardwood cutting, as well as basal roots developed from callus at the base of the cutting in response to wounding (Fig. 1) . ZALESNY et al. (2007a) described the planters in detail. The growing medium was sand to reduce experimental error associated with loss of roots during excavation and to supply an inert growing environment. The irrigation regime was 300-mL water tree -1 d -1 for a 10-d establishment period, followed by irrigating with 300 mL tree -1 of water or leachate on Mon., Wed., and Fri. for the remaining 20 d of the experiment. At 30 days after planting (DAP) the trees were harvested, washed, and dissected into root, stem, leaf, and cutting components. Callus formation was recorded. Twenty-six percent of the trees failed to initiate callus. Therefore, a Chi-square ( 2 ) test from frequency counts was used to analyze differences for the presence of callus across treatments and clones (WIESE et al., 2006) . However, these data must be interpreted with caution because most expected values in the 2 table were estimated with a number of observations less than five. Furthermore, number of roots was recorded for each layer described above (i.e., upper, middle, lower, and callus). Number of upper, middle, and lower lateral roots was combined, and these data, along with number of basal roots, were subjected to analyses of variance (SAS INSTITUTE INC., 2004) according to the aforementioned split plot design with a random block effect and fixed main effects for irrigation treatment (whole plot) and clone (sub plot). Root type was added as a fixed sub sub plot factor to the model above (split split plot design) to test for differences in individual root types. Analyses of covariance were conducted to test for the effect of cutting dry mass on all traits because of a broad variation at 30 DAP (1.08 to 7.51 g). The effect of cutting dry mass was not significant for any rooting traits (P > 0.05). Interactions including the random block effect were universally significant at P < 0.25 and, therefore, not pooled. Therefore, unadjusted means are reported for all variables. Fisher's protected least significant difference (LSD) was used to compare means from analyses of variance. Paired t-tests were used to compare the percent of root tissue allocated to root types between irrigation treatments for each clone. All means were considered different at probability values of P < 0.05.
Root growth rate
Tree establishment and irrigation regime Four blocks, two irrigation treatments (water or leachate), and 12 clones (96 experimental units) were tested. Trees were grown in specially-designed rhizotrons that supported two-dimensional, horizontal root growth measurements over time without disturbing aboveground tree growth. WIESE et al. (2005) and ZALESNY et al. (2007a) described the rhizotrons in detail. The growing medium was sand to support unambiguous identification of roots during digital root analysis and to supply an inert growing environment. The irrigation regime was 30-mL tree -1 of water or leachate on Mon., Wed., and Fri. for 45 d. In addition, drip irrigation with water only was applied for 15-s intervals twice daily. The supplemental irrigation was applied to simulate natural rainfall and to meet the water demand of the trees.
Data collection and analysis
Digital photographs of the root systems were taken each Mon. and Thu. of the experimental period beginning 21 DAP, when roots were present on all clones. The photographs were subjected to digital analysis using WinRHIZO Tron software (Regent Instruments, Inc., Quebec, Canada) to determine total root length at 21, 24, 28, 31, 35, 38, 42 , and 45 DAP. After 45 d the trees were harvested, washed, and dissected into roots, stems, leaves, and the cutting. Root length data were converted to root growth rate by calculating the difference between length at consecutive dates and dividing by the number of days between measurements [e.g., root growth rate 24 DAP = (root length 24 DAP -root length 21 DAP )/3 days]. Root growth rate data were subjected to repeated measures analyses of variance (SAS INSTITUTE INC., 2004) according to a split plot, repeated measures design with a random block effect and fixed main effects for irrigation treatment (whole plot) and clone (sub plot). The repeated measure was time (i.e., DAP). Given correlated errors associated with DAP, the results from multivariate analyses of variance (MANOVA) were interpreted to provide correct F-variance ratios and to reduce the probability of incorrectly claiming significant differences when, in fact, there were none (i.e., Type I Errors). Analyses of covariance were conducted to test for the effect of cutting dry mass on all traits because of a broad variation at 45 DAP (1.41 to 9.04 g). The effect of cutting dry mass was not significant (P > 0.05). Therefore, unadjusted means are reported for all variables. Means were compared as with root initiation data.
Results

Lateral and basal root initiation
Irrigation treatments did not affect number of lateral roots (P = 0.1321), but the clone main effect (P < 0.0001) and treatment ϫ clone interaction (P = 0.0406) were significant ( Table 3 ). This interaction is described in greater detail below. Overall, the number of lateral roots among clones ranged from 3 ± 1 roots (91.05.02) to 27 ± 3 roots (NC14018), with a mean of 16 ± 1 roots (Fig.  2) . With the exception of clone 91.05.02 (P. deltoides parentage), genomic groups exhibited similar numbers of lateral roots. Clones within genomic groups also initiated comparable numbers, with two exceptions. Clone NC14018 had 1.6 to 1.8 times more roots than the other clones of (P. trichocarpa ϫ P. deltoides) ϫ P. deltoides parentage, and clone DN5 had 1.5 times more roots than DN182 within the P. deltoides ϫ P. nigra genomic group.
The main effect of treatment was not significant for the presence of callus (P = 0.1304), while clones differed (P = 0.0006). However, the treatment ϫ clone interaction controlled the presence of callus (P = 0.0074) ( Table 3) . Overall, callus developed on 79 % (water treatment) and 68 % (leachate treatment) of the trees, with a mean of 74 %. The frequency of trees developing or failing to develop callus was stable (± two trees) across treatments for all genotypes except clone NC14018, whereby five of six trees developed callus when irrigated with water but only two of six trees developed callus for the leachate treatment. In contrast, trees of clone NC13680 exhibited less callus development than the other genotypes, with four of six (water) and five of six (leachate) trees failing to develop callus. Nevertheless, irrigation treatments (P = 0.5939) and their interaction with clones (P = 0.8373) did not affect number of basal roots, but the clone main effect (P < 0.0001) was significant (Table 3) . Overall, the number of basal roots among clones ranged from 2 ± 1 roots (91.05.02) to 10 ± 1 roots (NC13680), with a mean of 7 ± 0 roots that was 44 % of the number of lateral roots (Fig. 2) . There was broad variation among genomic groups and clones for number of basal roots. In general, clones with P. deltoides ϫ P. suaveolens parentage exhibited the greatest number of basal roots, which was similar to two (P. trichocarpa ϫ P. deltoides) ϫ P. deltoides clones and one P. nigra ϫ P. suaveolens clone. Specifically, clones NC13475 and NC13680 had 1.6 times greater number of basal roots than NC13460 and NC14018 in their genomic group, while clone NM2 had 2.3 times more roots than NM6. There were differences among clones (P < 0.0001) and root types (P < 0.0001) for number of roots, as well as the interaction of root type with irrigation treatment (P = 0.0117) and clone (P < 0.0001). However, the threeway interaction among treatment, clone, and root type (P = 0.0088) governed the number of roots, which corroborated the significant treatment ϫ clone interaction for number of lateral roots (Table 4) . Overall, the number of roots initiated from the middle third of the cutting was greater by 120 % of the upper, 193 % of the lower, and 24 % of the basal root sections (Fig. 3) . There was broad variation among genomic groups and clones within all four root types, with a general trend of genotypes belonging to (P. trichocarpa ϫ P. deltoides) ϫ P. deltoides and P. deltoides ϫ P. suaveolens parentage having the greatest number of roots. Trees irrigated with water exhibited more upper lateral roots than those with leachate for clones NC13475 (453 % more roots), NC13680 (320 %), and NC14018 (138 %). Water-irrigated trees also had greater numbers of middle lateral roots for NC13475 (56 %), NC13680 (64 %), NC14018 (111%), and DM115 (72 %). In contrast, number of basal roots was greater following leachate irrigation for NC13475 (40 %) and NM2 (44 %).
Root growth rate
Clones, treatments, and their interaction did not affect root growth rate from 24 to 45 days after planting (DAP) (P > 0.05). However, root growth rate changed over time (P MANOVA < 0.0001), increasing by 75% from 24 to 31 DAP, followed by a decrease of 46 % until 42 DAP, and a second significant increase of 127 % at 45 DAP (Fig. 4) . Overall, roots grew 1.5 ± 0.6 to 3.4 ± 0.3 cm d -1 , with a mean of 2.3 ± 0.2 cm d -1 .
Distributional trends across root types
The irrigation treatment ϫ clone interaction affected distributional trends in the percent of root tissue allocated to lateral and basal root types, based on number of roots. Across treatments, approximately two-thirds of the roots were lateral and one-third developed from callus (Fig. 5) . However, trees irrigated with water exhibited 5 % more upper lateral roots than those of the leachate treatment (P = 0.0169), which was similar to 4 % more middle lateral roots with water than leachate irrigation (P = 0.0181). The percent of lower lateral root tissue did not differ between treatments (P = 0.1803), but there was 6 % more basal roots from leachate-irrigated trees compared with water-irrigated trees (P = 0.0168). Overall, the percent of root tissue allocated across root types was highly variable among genomic groups and clones. For example, the distributional trend of root types was nearly identical between treatments for clones of the P. deltoides ϫ P. suaveolens and P. deltoides ϫ P. nigra genomic groups, while that for (P. trichocarpa ϫ P. deltoides) ϫ P. deltoides clones was very different (Fig. 5 ).
Discussion
Leachate irrigation had a greater relative effect on the initiation of lateral versus basal adventitious roots. Nevertheless, the high-salinity leachate used as an alternative fertigation source did not significantly reduce initiation, growth rate, or distributional trends of either root type. This is important given that Populus genotypes have exhibited salt sensitivities with electrical conductivity ranging from 1 to 5 mS cm -1 (NEUMAN et al., 1996) , which is less than half of that used in the current study (10.2 mS cm -1 ). Overall, the lack of detrimental physiological responses associated with salt stress during root initiation was promising for early survival. In addition, genotype-specific responses to the leachate and water irrigation treatments were important from a tree genetics and breeding perspective. For example, clones belonging to the (P. trichocarpa ϫ P. deltoides) ϫ P. deltoides genomic group exhibited greater numbers of upper and middle lateral roots when irrigated with water, while differences in the number of lower lateral roots were negligible across genotypes; clone NC13475 produced significantly more basal roots with leachate irrigation versus water. In contrast, the effect of irrigation treatments on adventitious rooting of clones with P. deltoides ϫ P. nigra parentage was the same, regardless of root type. Selection both among and within genomic groups is necessary to ensure root initiation during establishment and to maintain adequate diversity as the trees develop.
Although there were nearly twice as many lateral roots as basal roots across treatments and clones, leachate irrigation equally affected both root types (Fig.  2) . ZALESNY et al. (2009a; 2007b) reported similar results for dry mass of lateral and basal roots when field-testing eight of the twelve current clones during two years of establishment at the Oneida County Landfill in northern Wisconsin. Only clone NC14018 of (P. trichocarpa ϫ P. deltoides) ϫ P. deltoides parentage had greater lateral root dry mass with water versus leachate, while all other irrigation treatment comparisons for individual root types were non-significant (ZALESNY et al., 2007b) . Moreover, to increase our fundamental knowledge of Populus adventitious rooting, we classified lateral and basal roots based on their differing sites of initiation and development from the dormant hardwood cuttings (ZALESNY et al., 2009a) (Fig. 6) . Although the objectives of the study did not support direct anatomical testing, we assumed given the short duration of the study that lateral roots developed from latent, preformed primordia laid down during the previous growing season (FARMER et al., 1989; SMITH and WAREING, 1974) rather than induced roots initiated as a response to current external stimuli (HAISSIG, 1974) . All basal roots differentiated from parenchymous masses (i.e., callus) at the base of the cuttings in response to wounding imposed by processing parent shoots into the propagules (HAISSIG, 1974) . The differences in lateral and basal root numbers may be explained by increased areas of meristematic activity and associated primordia along the length of the parent shoot relative to the more restricted region of callus development at the base of the cuttings (FARMER et al., 1989; SMITH and WAREING, 1974) .
In general, we expected increased carbohydrate content to allow the cuttings of favorable genotypes (i.e., basal rooting of clones NC13475 and NM2; Fig. 3 ) to be more tolerant of environmental stresses such as that imposed by the high-salinity leachate irrigation. Accumulation and partitioning of carbohydrates within cuttings has been shown to affect adventitious rooting of Populus (TSCHAPLINSKI and BLAKE, 1989; OKORO and GRACE, 1976) , with larger cuttings exhibiting greater carbohydrate content (FEGE and BROWN, 1984) . NGUYEN et al. (1990) reported increased survival and root system production associated with greater levels of carbohydrates of clones DN34 (P. deltoides ϫ P. nigra) and Tristis #1 (P. tristis Fisch. ϫ P. balsamifera L.) grown at the Michigan State University Tree Research Center (42.4°N, 84.3°W) for one growing season. Likewise, the greatest levels of total carbohydrate content of clone 1-78 (P. deltoides ϫ P. nigra) were in basal sections of cut- tings directly before root initiation (OKORO and GRACE, 1976) . In this study the relationship between cutting size and root initiation /growth was inconclusive in saline environments imposed by leachate irrigation. However, these relationships warrant further study.
Variability in initiation, growth rate, and distributional trends of adventitious roots was due to the effects of interactions among specific clones and irrigation treatments. Adventitious rooting of Populus is under strong genetic control (YING and BAGLEY, 1977; WILCOX and FARMER, 1968; 1967) . However, substantial variability in rooting responses among genotypes has been the result of other factors such as: propagation conditions (DESROCHERS and THOMAS, 2003; HANSEN and TOLSTED, 1981) , positional effects and environmental preconditioning of the parent shoots (i.e., C-effects) (FARMER et al., 1989; 1988; 1986) , and genotype ϫ environment interactions RIEMENSCHNEIDER and BAUER, 1997) . As with the clones of the current study, the uncertainty of predicting adventitious rooting of specific Populus genotypes is heightened during phytotechnology applications given heterogeneous growing conditions associated with varying contaminant levels (ZALESNY et al., 2009a; . Although leachate irrigation affected individual root types similarly, there was broad variation among and within genomic groups for overall root initiation. ZALESNY et al. (2007b) reported comparable genotypic variability for eight of the twelve clones tested in the current study. An P. deltoides ϫ P. suaveolens subsp. maximowiczii F 1 hybrid (clone NC14104) was identified that exhibited greater total root dry mass when irrigated with leachate versus water, compared with two clones that rooted better with water and five clones that had similar root dry mass regardless of irrigation treatment (ZALESNY et al., 2007b) . Such genotype ϫ environment interactions have supported the need for selection of generalist genotypes that perform well across a broad range of unpredictable conditions or specialist genotypes that are well-adapted for specific conditions (ZALESNY et al., 2008) .
The biological and economic importance of adventitious rooting is reflected in its incorporation as a key trait in Populus breeding programs (RIEMENSCHNEIDER and BAUER, 1997) . Equally important is the incorporation of adventitious rooting as a primary criterion when selecting favorable Populus genotypes for environmental benefits (ZALESNY and ZALESNY, 2009 ). Successful rooting decreases establishment/vegetation management costs and increases operational flexibility of planting schedules in the short-term. Rooting also enhances environmental sustainability through contaminant interception and hydraulic control in the long-term. Our results corroborated those of many Populus rooting studies in that root initiation and growth depended on how the genotypes responded to an environmental stimulus, in this case the landfill leachate versus water. The results of the current study contribute fundamental knowledge of the genetics and physiology of Populus adventitious rooting that is important for advancing the use of these short rotation woody crops for environmental benefits, energy, and fiber. For example, the increasing need for using Populus in phytotechnologies requires matching adventitious rooting, specific contaminant chemistry, and favorable genotypes to increase the potential success of plantation establishment and subsequent environmental services. More specifically, our baseline information fills knowledge gaps for using adventitious rooting as a selection criterion in Populus breeding, especially with respect to using Populus in phytotechnologies such as phytoremediation and phytoextraction.
